Several lines of evidence suggest a role of insulin-like growth factor I (IGF-I) in the regulation of apoptosis. Up to now its impact on many specific cells is unknown. We therefore studied the effect of IGF-I on two similar mesenchymal matrix-producing cell types of the liver, the hepatic stellate cells (HSC) and the myofibroblasts (rMF). The present study aimed to reveal the influence of IGF-I on cell cycle and apoptosis of HSC and rMF and to elucidate responsible signaling. While IGF-I significantly increased DNA synthesis in HSC, cell number decreased and apoptosis increased. In rMF IGF-I also increased DNA synthesis, which is, however, followed by proliferation. Blocking extracellular signal regulating kinase (ERK) revealed that in HSC, bcl-2 upregulation and bax downregulation are effected downstream of ERK, whereas downregulation of NFjB and consecutive of bclx L is mediated upstream. In the rMF upregulation of both, the antiapoptotic bcl-2 and bcl-x L is mediated upstream of ERK. The expression of the proapoptotic bax is not regulated by IGF-I in rMF. The studies demonstrate a completely different effect and signaling of IGF-I in two morphologically and functionally similar matrix-producing cells of the liver.
Insulin-like growth factor I (IGF-I) is involved in various metabolic, proliferative and differentiation processes. After acute liver damage, hepatocytes have been shown to secrete IGF-I in the preinflammatory step. In the inflammatory step of liver fibrogenesis, Kupffer cells and activated hepatic stellate cells (HSC) have been shown to secrete IGF-I, suggesting a great importance of IGF-I during liver fibrogenesis (for a review, see Gressner) . 1 Above that in adult rats the liver is considered as the main source of circulating IGFs. [2] [3] [4] The biological effects of IGF-I are mediated via activation of its IGF-I receptor (IGF-I R), which is a member of the tyrosine kinase growth factor receptor family. Binding of IGF-I induces a conformational change of the receptor leading to autophosphorylation of several critical tyrosine residues that serve as docking sites for cytoplasmatic proteins containing SH2 (src homology 2) domains. In contrast to other receptor tyrosine kinases, the IGF-I R interacts with intermediate signaling proteins, for example, the insulin receptor substrate (IRS-I) and Src homology containing protein (Shc). 5 IRS-I can be regarded as a multicomponent docking platform, binding multiple SH2 domain containing proteins and adaptor proteins, for example Grb2, 6 Nck, 7 c-Crk, 8 the protein tyrosine phosphatase SH-PTP2 (Syp) 9 and the p85 subunit of the phophatidylinositol 3-kinase (PI 3-K). 10 All of them contain SH2 domains.
Studies on the intracellular signaling of IGF-I revealed two primary pathways by which IGF-I signals are transmitted, namely the PI 3-K pathway and the extracellular signal-regulated kinase (ERK) pathways. These pathways are shown to interact at different levels in the mediation of the IGF-I response, whether mitogenic, antiapoptotic, differentiating or chemotactic. [11] [12] [13] [14] [15] The 'activation' of hepatic stellate cells (so called since the consensus letter of 1996 16 ), also known as Ito cells, lipocytes, vitamin A storing cells, perisinusoidal cells, liver pericytes, is considered to be an important step in liver tissue repair as well as in the development of liver fibrosis. The term activation describes the transformation of the Vitamin A storing 'quiescent' cell to a myofibroblast-like 'activated' HSC. Both the 'activated' HSC (myofibroblast-like cells) along with the sinusoids and the morphologically similar liver myofibroblasts of the periportal and perivenous areas are shown to produce large amounts of extracellular matrix proteins, thus being responsible for extracellular matrix accumulation during chronic liver damage (for a review, see Cassiman and Roskams 17 and Ramadori and Saile 18 ). With regard to their life characteristics the rat liver myofibroblasts (rMF) differ from activated HSC in vitro in the lack of occurrence of spontaneous apoptosis due to different CD95L expressions, in their stronger susceptibility to CD95-mediated apoptosis as well as their reaction on TNF-a stimulation. 19 Concerning the different behavior in culture and the importance of IGF-I during liver repair processes, in this paper we investigated the effect of IGF-I on HSC and rMF with respect to apoptosis, proliferation and IGF-I signaling. In HSC (quiescent as well as activated), IGF-I acts proapoptotic and antiproliferative in spite of inducing DNA synthesis. Both NFkB and ERK1/2 are involved in the proapoptotic effect of differentially regulating members of the bcl family, whereas the effect on DNA synthesis is restricted to the ERK1/2 pathway. In rMF, IGF-I acts antiapoptotic via the bcl system acting upstream of ERK1/2. However, ERK1/2 is needed for proliferation stimulation. The NFkB/IkB system is not involved in the IGF-I signal transduction pathway in rMF.
Material and methods

Animals
Wistar rats were provided by Charles River (Sulzfeld, Germany) and maintained under 12 h light/ dark cycles with food and water ad libitum. All animals received humane care in accordance to institution's and the National Institutes of Health guidelines.
HSC and rMF Isolation, Plating and Culture Conditions
HSC were isolated by sequential in situ perfusion with collagenase and pronase as described previously. 20 Yields of 40 Â 10 6 HSC in mean were obtained per rat. Purity was 485% in freshly isolated cells. Cells were plated with a density of 30 000 cells/cm 2 and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 15% fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml streptomycin and 1% L-glutamine. Culture medium was replaced at 2 days after plating and then every other day. Cells were kept in culture at 371C in a 5% CO 2 atmosphere and 100% humidity.
For isolation of rMF, the liver was enzymatically digested as described above. The nonparenchymal liver cell population was separated by a Nycodenz density gradient and the fraction also containing Kupffer cells and sinusoidal endothelial cells was further purified by centrifugal elutriation according to Knook et al 21 and De Leeuw et al. 22, 23 Using a JE-6B elutriation rotor in a J2-21 centrifuge (Beckman Instruments, Palo Altro, CA, USA) at 2500 rpm, a fraction enriched with rMF was collected at a flow rate of 23 ml/min 19 (At a flow rate of 19 ml/min endothelial cells can be collected while Kupffer cells can be extracted at a flow rate of 55 ml/min using the same procedure). A measure of 60 Â 10 6 rMF was obtained in mean per rat. Cells were plated at a density of 30 000 cells/cm 2 and cultured under the same conditions like HSC (see above). At confluency, usually reached within 7-10days, cells were released from the culture plates by trypsination and were replated at a 1:4 split ratio. rMF were passaged again at confluency using the same experimental condition.
Characterization of HSC and rMF and Purity of Isolation
The purity of HSC cultures was tested by immunocytology at day 0, day 2 (quiescent HSC/'early activated' HSC) and day 7 (activated HSC) as described. 19 In freshly isolated cells as well as at day 2 of culture, myofibroblasts as assessed by smooth muscle a actin (SMA)-positive, Fibulin-2-positive and reelin-negative cells were always o1%. 24, 25 Contamination with Kupffer cells (ED1 positive) was o2% and neither endothelial cells nor hepatocytes were detected. Using SMA immunoreactivity as an activation parameter, HSC were fully activated after 7 days of primary culture (100% SMA positive).
The purity of freshly isolated rMF as assessed by fibulin-2 positivity, SMA positivity and reelin negativity was 98%. 19 HSC containing the typical fat droplets could not be detected by lightmicroscopy. However, the presence of so-called 'empty' HSC not containing typical vacuoles cannot totally be excluded. However, as empty HSC at least should be positive for one of the marker proteins like desmin, GFAP or V-CAM-1 that were undetectable (GFAP), or present in less than 1.5% (desmin) or 0.5% (V-CAM-1) of the isolated cells, a considerable contamination of the 23 ml/min fraction with 'empty' HSC is unlikely.
Culture Conditions for Stimulation with IGF-I
HSC at days 2 and 7 of primary culture and rMF (primary culture and passages 2) were washed three times with Gey's balanced salt solution and incubated for 20 h in serum-reduced (0.3% fetal calf serum) culture medium alone or in the presence of IGF-I (10 À11 M, 10 À9 M, 10 À7 M, 10 À5 M) (Sigma, Deisenhofen, Germany). The optimal concentrations and incubation time of the cytokines used have previously been tested and shown to have no cytotoxic effects.
Inhibition of IGF-1 Receptor Activity by Tyrphostin AG1024 or ERK1/2 Activity by Tyrphostin AG99 or U0126
For investigation of IGF-1 receptor activity as well as ERK1/2 activity, we used tyrphostin AG1024 (3-bromo-5-t-butyl-4-hydroxy-benzylidenemalonitrile; Calbiochem, Frankfurt, Germany), tyrphostin AG99 ( ¼ tyrphostin A46; a-cyano-(3,4-dihydroxy)cinnamide) or U0126 (Alexis, Grü nberg, Germany). As internal control for tyrphostins, tyrphostin A1 ((4-methoxybenylidene) malonitrile; a-cyano-(4-methoxy)cinnamonitrile) was used, a structurally homologeous molecule, which does not exhibit biological activity. HSC at days 2 and 7 of primary culture and rMF (primary culture and passage 2) were washed three times with Gey's balanced salt solution and incubated for 20 h in serum-reduced (0.3% fetal calf serum) culture medium alone or in the presence of tyrphostin AG1024 (100 mM), tyrphostin AG99 (50 mM) or tyrphostin A1 (100 mM respectively 50 nM) or U0126 (Promega, Mannheim, Germany) (50 mM). Compared to serum-reduced cultures, no influence on apoptosis and DNA synthesis of HSC and rMF could be observed under the influence of tyrphostin A1.
Flowcytometric and Fluorescence Microscopic Quantification of Living, Apoptotic and Necrotic HSC or rMF
For quantification of apoptotic cells, we used flow cytometry after trypsination of HSC and rMF (Epics ML, Coulter, Kerfeld, Germany). To detect apoptotic changes, staining with Annexin V-FITC/propidiumiodide and the TUNEL method (Tdt-mediated XdUTP nick end labeling) (Boehringer, Mannheim, Germany) were used. Data obtained by TUNELlabeling were identical to those obtained with the Annexin V-FITC/propidiumiodide binding. As a third method to detect apoptosis on the single-cell level, we used the mitochondrial membrane sensor kit from Clontech, Palo Alto, California, USA. Briefly, the basis of this method is the fact that the dye is able to accumulate in intact mitochondria. In case of apoptosis it aggregates in the cytosol and alters the fluorescence color. By this change of the fluorescence color, it is possible to discriminate between apoptotic and living cells.
Caspase-8, Caspase-9 and Caspase-3 Activity
For detection of active caspase-8, caspase-9 and caspase-3, we used the Active Caspase Set of Pharmigen, Germany. Cell lysates of 5 Â 10 6 cells were applied and active caspase-8, active caspase-3 or active caspase-9 were detected according to the manufacturer's protocol. To evaluate substrate specifity, caspase-8, caspase-9 or caspase-3 inhibitors (Oncogene, MA, USA) were used.
BrdU-Elisa for DNA Synthesis
To measure DNA synthesis, we used a BrdU labeling and detection ELISA kit (Boehringer, Mannheim, Germany), quantitating BrdU incorporated into newly synthesized DNA of replicating cells. Cultures were incubated with BrdU for 20 h, at 371C. BrdU uptake was measured according to the standard ELISA protocol. The data presented are normalized on cell number of cultures of the same isolate (alive þ apoptotic cells), measured by flow cytometry and microscopic counting.
BrdU-Incorporation and Apoptosis
To follow the process of DNA synthesis and apoptosis, we used laser scan microscopy. Briefly, for immunolabeling, cells were preincubated with BrdU for 12 h prior to IGF-1 administration. At distinct time points (for HSC day 2: 4, 5, 6, 7, 8 h; for HSC day 7 and rMF: 8, 9, 10, 11, 12 h), immunofluorescence was performed using an anti-BrdU antibody (Alexis, Grü nberg, Germany) as a first antibody and a TRIC-labeled anti-mouse antibody as a second antibody. As negative controls, the first antibody was substituted by mouse IgG (Sigma, Deisenhofen, Germany). After that, the apoptosis was detected by the TUNEL method (Boehinger, Mannheim, Germany). As negative control, the TUNEL reaction mixture was used without terminal transferase. Maximum immunofluorescence of the negative controls was digitally removed. However, for better evaluation, the red channel (BrdU) was not completely suppressed to maximum fluorescence of the negative controls, so that all nuclei could be identified and counted. Colocalization of BrdU and TUNEL provided a yellow color.
Cell-Cycle Analysis
A measure of 5 Â 10 5 cells in 200 ml Ca 2 þ -, Mg 2 þ -free PBS was fixed in 4 ml 70% ethanol/30% PBS at 01C, digested with 1000 U RNase A (Sigma) and stained with 1% propidiumiodide at 371C for 30 min. 26 The DNA profiles were determined within 4 h of staining Cells at different times after plating were lysed in hot Laemmli buffer (951C) and processed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions according to Laemmli. 27 The protein content of cellular lysates was calculated by the Coomassie Protein Assay (Pierce, Rockfort, IL, USA). Proteins were transferred onto Hybond-ECL nitrocellulose hybridization transfer membranes according to Towbin et al.
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Immunodetection was performed according to the ECL Western blotting protocol. After detection of a protein, the nitrocellulose filter was stripped and used for immunodetection of the next protein.
Primary antibodies (Calbiochem, Frankfurt, Germany) and primary antibody against phosphorylated ERK1/2 (Promega, Mannheim, Germany) were used at 2.5 mg/ml solutions, and peroxidase-labeled antimouse and anti-rabbit immunoglobulins were each used at a 1/1000 dilution.
Nuclear Extracts and Electromobility Shift Assay
Nuclear extracts were prepared according to the method of Dignam et al. 29 HSC (5 Â 10 6 ) were harvested by scrape-harvesting into TBS (20 mmol/l Tris, pH 7.2, 0.15 mol/l NaCl). The cells were resuspended in buffer A (0.2 ml; 10 mmol/l HEPES, pH 7.9, 10 mmol/l KCl, 1.5 mmol/l MgCl 2 , leupeptin and aprotinin each 1 mg/ml, PMSF 0.5 mmol/l, 1 mmol/l orthovanadate, 2 mmol/l pyrophosphate) and incubated for 15 min on ice. After that 25 ml 2.5% NP-40/buffer A was added, mixed by inversion and the nuclei were pelleted (500 g, 4 min, 41C). The nuclear proteins were extracted and analyzed as described previously. The antibodies specific for NFkB were purchased from Santa Cruz Biotech. The NFkB oligonucleotides (consensus binding site for NFkB/c-Rel) and mutated oligonucleotides were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). To detect unspecific binding, competition experiments with a 10-to 100-fold excess of unlabeled specific oligonucleotides and mutated oligonucleotides with a 'G'-'C' substitution in the NFkB/Rel binding were performed. In all control experiments no unspecific binding was detected.
Inhibition of ERK1/2 Translation by Antisense Technique
In order to inhibit ERK1/2 translation, we used an antisense kit (Biognostics, Goettingen, Germany).
An FITC-labeled randomized sequence phosphorothioate oligonucleotide was used to monitor uptake efficiency. An uptake of the MAP kinase antisense oligonucleotide (Calbiochem, Frankfurt, Germany) or the control oligonucleotide (Calbiochem, Frankfurt, Germany) into 98% of the cells was achieved within 8 h, as could be shown by immunofluorescence microscopy. Subsequently, IGF-1 was added to the HSC cultures for 20 h. The occurrence of apoptosis and effect on cell cycle was measured using the methods described above. Prior studies never revealed an influence of the control oligonucleotide on apoptosis as well as on cell cycle in HSC and rMF.
Statistical Analysis
Results are expressed as mean7s.d., and the significance of the difference between the means was assessed by the Mann-Whitney U-test.
Results
Influence of IGF-1 on Cell Cycle, Proliferation and Apoptosis in HSC and rMF
After stimulation with IGF-I (10 À7 M), cell-cycle analysis revealed a doubling of S-phase portion in HSC day 7 (from 16.4 to 27.88%; Po0.05), rMF day 7 (primary culture) (from 16.5 to 32.4%; Po0.05) and rMF passage 2 (from 18.3 to 30.8%; Po0.05). In quiescent HSC (day 2), S-phase cells were even fourfold (16.4%) compared to the controls (4.2%; Po0.05). Similar results were obtained using a BrdU-Elisa (data not shown). As expected, these data demonstrate again that IGF-I promotes cell cycle progression. On the other hand, great differences could be observed when taking a closer look at G 0 /G 1 -and G 2 -phase. Whereas in quiescent and activated HSC (day 2; day 7) the greatest part of the cultures (68.7% respectively 63.8%) are in the G 2 -phase after IGF-I stimulation, increment of S-phase portion in rMF (primary culture as well as passage 2) is at cost of G 1 -phase cells without any change of the G 2 -phase portion (14.6-19.6%).
In order to evaluate the significance of these data, we additionally investigated the total cell number of the cultures using FACS analysis and direct cell counting. As first result we found that total cell number in HSC decreased by 2271.4% from day 2 to day 7. Stimulation with IGF-I (10 À7 M) additionally led to a decrease of cell number in quiescent HSC (day 2) by 40% (Po0.01) and in activated HSC (day 7) by 20% (Po0.05). In contrast, in rMF cultures IGF-I administration resulted in an increment of cell number by 62-70% (Po0.05) indicating real proliferation.
IGF-I administration effected an increment of apoptosis in HSC cultures in a dose-dependent manner. This effect is particularly evident in quiescent HSC (day 2) and also significant in activated HSC (day 7). Concentrations exceeding 10 À7 M have no further apoptosis-stimulating effect. In rMF cultures that per se show a low amount of spontaneous apoptosis, IGF-1 concentrations of 10 À7 M and 10 À5 M were able to inhibit spontaneous apoptosis that was statistically significant in passage 2. The apoptosis-inhibiting effect of IGF-I on rMF, however, is more convincing after stimulation with TNF-a, which is known to induce apoptosis in rMF (Figure 1 ).
Effects of IGF-I on Expression of IGF-I Receptor, the CD95 (APO-1; fas)/CD95L System, bcl-2, bcl-xL, bax, p53, p21
The results of the Western blot analysis of the proteins derived from the cultures are shown in Figure 2 . IGF-I receptor expression is downregulated during activation of HSC and expression on rMF is higher than on activated HSC. No regulation could be observed after IGF-1 stimulation. CD95 receptor expression is upregulated in HSC from day 2 to day 7 and detectable in even higher amounts in rMF as previously shown. 19 CD95L was not detectable in quiescent HSC (day 2) and rMF but in activated HSC cultures. However, no regulatory effect of IGF-I on this apoptosis regulating system could be observed. Bcl-2 and bax were upregulated in HSC control cultures during 'activation', whereas bcl-x L was downregulated. In the rMF cultures (primary culture and passage 2), similar amounts of bcl-2, bax and bcl-x L as in activated HSC could be detected. However, IGF-I administration led to a decreased bcl-2-and bcl-x L -expression as well as to an increase of bax gene expression in HSC (day 2 and day 7). In rMF cultures IGF-I exerted a different effect. Bax expression was not affected, whereas both bcl-2 and bcl-x L were upregulated. P53 and p21
WAF1
, both important for apoptosis regulation in HSC, 30 are also not regulated by IGF-I in rMF. Whereas similar amounts of p21 WAF1 were found in 'activated' HSC and rMF, p53 expression is higher in 'activated' HSC. Both NFkB p65 and IkB were upregulated in HSC during 'activation'. Whereas NFkB was downregulated and IkB upregulated in HSC (day 2 and day 7) by IGF-I, their expression remained unaffected in IGF-I-treated rMF (Figure 2 ). This effect of IGF-I in HSC could also been shown on NFkBactivity by EMSA. However, a slight but not significant alteration of NFkB-activity due to IGF-I could also be observed in rMF (Figure 3) . Phosphorylation of ERK1/2 was upregulated maximum in both HSC (day 2 and day 7) and rMF (primary culture and passage 2) by IGF-I 30 min after administration; however, basis activity was higher in rMF when compared to activated HSC ( Figure 5) . Afterwards, levels decreased in both cell types reaching control levels 90 min after IGF-I administration (data not shown). 
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Influence of IGF-I Receptor Phosphorylation Blockage and ERK1/2 Activity on Cell Cycle and Apoptosis of HSC
In the last few years, tyrphostins have been synthesized specifically to block the function of tyrosine kinases. Among these, tyrphostin AG1024 showed significantly lower half-maximal inhibitory concentration 50IC for IGF-I than for insulin receptor. 31 In addition, we used tyrphostin AG99 to examine the effect of blocking ERK1/2, which is located downstream in the IGF-I signal transduction pathway. As tyrphostin AG99 is known to exert biological activities not only on ERK1 and ERK2 activity but also on EGF-R phosphorylation, 32 and although tyrphostin A1 (which we used as control), widely described to have no biological activity (only one recent study showed an influence on proliferative activity), 33 we additionally used U0126 and antisense technique to evaluate the effect of blocking ERK1/2 translation on apoptosis of HSC and rMF.
Whereas administration of tyrphostin A1 had no effect on apoptosis in HSC as well as in rMF, tyrphostin AG1024 slightly inhibited apoptosis in 'activated' HSC. However, in quiescent HSC, activated HSC as well as in rMF cultures tyrphostin AG1024 completely abolished the effect of IGF-I administration on apoptosis to the respective control level (Figure 4a ). Tyrphostin AG99 (Figure 4b ), U0126 ( Figure 4c ) and ERK1/2 antisense (Figure 4d) showed different effects on IGF-I-stimulated HSC and rMF cultures. Blocking ERK1/2 by antisense technique and even more by tyrphostin AG99 and U0126 significantly reduced the apoptosis-inducing effect of IGF-I on quiescent as well as in 'activated' HSC but did not abolish it completely, suggesting that apoptosis-stimulating effect is at least in part regulated upstream in the IGF-I signal transduction pathway. On the other hand, in rMF (primary culture as well as in passage 2) ERK1/2 antisense, tyrphostin AG99 and U0126 had no effect on the apoptosis inhibiting effect of IGF-I on these cells. When regarding cell cycle, both ERK1/2 antisense as well as tyrphostin AG99 and U0126 completely abolished the effect of IGF-I on rMF and 'activated' HSC. However, in quiescent HSC (day 2) they reduced S-phase to control levels but a portion of G 2 -phase cells remained significantly higher than in cultures without IGF-I administration (50.374.3%; Po0.05).
Effects of ERK1/2 Antisense on Expression of bcl-2, bcl-xL, bax, NFjB p65 , IjB in IGF-I-treated HSC and rMF
Inhibiting ERK1/2 translation canceled the upregulation of bax and the downregulation of bcl-2 by IGF-I in HSC (quiescent and 'activated'). However, no effect on NFkB or IkB expression and activity as well as on bcl-x L could be observed. As previously shown bcl-x L gene expression is modulated by NFkB. 30 Therefore, the proapoptotic effect of IGF-I on HSC seems to be mediated by ERK1/2 as well as by the NFkB system. The latter is modulated upstream of ERK1/2 in the IGF-I signal transduction pathway. As suggested by the apoptosis data in rMF (primary culture and passage 2), ERK1/2 antisense had no effect on NFkB, IkB, bcl-2, bcl-xL or bax expression ( Figure 5 ).
Effects of ERK1/2 Antisense on Activity of Caspase-8, Caspase-3 and Caspase-9 ERK1/2 antisense had no effect on caspase-8 activity in HSC or rMF neither in controls nor in IGF-Itreated cell cultures. However, in activated HSC (day 7) and in TNF-a-treated rMF, caspase-8 activity was significantly increased (Figure 6a) . A highly significant increase of caspase-9 activity could be observed in IGF-I-treated HSC cultures. This increment could be reduced but not totally leveled using ERK1/2 antisense. In rMF TNF-a induced caspase-9 activation. This effect could not be observed in IGF-I-treated cultures and ERK1/2 antisense could not inhibit this effect (Figure 6b) . The effects observed for caspase-9 were even more Figure 3 Electrophoretic mobility shift assay to assess NF-kB DNA binding activity. DNA binding activity of nuclear extracts of HSC day 2 and day 7 and rMF (primary culture and passage 2) was assessed using an NF-kB binding site as probe. Controls (0.3% FCS) and cultures incubated with 10 À7 M IGF-I are presented.
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Is the Proapoptotic Effect of IGF-1 on HSC Mediated by Its Influence on Cell Cycle?
To answer this question, we performed a timedependent observation of apoptosis using the mitochondrial membrane sensor kit. First, detection of a significant increment of apoptosis after administration of IGF-I could be observed after 4 h in quiescent HSC (day 2) and after 8 h in 'activated' HSC (day7) (Figure 7a /c). Using another approach by double-staining of BrdU and TUNEL two additional observations could be stated. First, a significant increase of TUNEL positivity could be observed in quiescent HSC (day 2) and activated HSC (day 7) as early as 2 h after apoptosis detection using the mitochondrial membrane sensor kit, further suggesting the mitochondrial pathway as the origin of apoptosis in HSC after IGF-I administration. Second, a significant increased BrdU uptake could be observed as early as 2 h later demonstrating an effect of IGF-I on cell cycle progression, which is about 4 h after first apoptotic signs could be observed in quiescent as well as activated HSC (Figure 7b ). These data reveal that at least in case of IGF-I, induction of the apoptosis process precedes the effect on cell cycle. In contrast, IGF-I administration to myofibroblasts leads to cell cycle progression as measured by BrdU incorporation resulting in an increased cell density. However, it is also remarkable that BrdU uptake of HSC after detection of apoptosis might not only be due to DNA repair mechanisms as in 64% TUNEL, and BrdU positivity could be observed in cells showing nucleus division.
Discussion
The present study revealed that IGF-I has different effects on cell cycle and/or proliferation as well as apoptosis and apoptosis signaling, in isolated rat HSC and rMF. IGF-I induces initiation of cell cycle progression in both HSC and rMF but this leads to proliferation only in rMF. Whereas IGF-I induces apoptosis in quiescent and activated HSC an apoptosis-inhibiting effect could be shown in rMF.
As postulated by others and us, IGF-I is so far thought to stimulate the proliferation of HSC. [34] [35] [36] [37] [38] [39] [40] [41] In most cases, however, enhanced DNA synthesis as measured by BrdU or 3 H-thymidine incorporation was taken to postulate the mitogenic effect of IGF-I. On the contrary, our data show that IGF-I Figure 4 Influence of IGF-I R and ERK1/2 receptor blockage on apoptosis of HSC (day 7) and rMF. Cultures (HSC day 2 and day 7; rMF day 7, passage 2) treated with tyrphostin A1 (negative control) as well as (a) tyrphostin AG1024 (100 mM) or (b) tyrphostin AG99 (50 mM). (c) Effect of U0126 (100 mM) or (d) ERK1/2 antisense with and without IGF-I (10 À7 M). Also note that tyrphostin A1 or control oligonucleotide had no effect on apoptosis when compared to untreated controls. Apoptosis was detected using the Annexin V/ propidiumiodide method. Values presented are means 7s.d. of five different isolations. Level of significance: *Po0.05; **Po0.01 indicating statistical significance of the tyrphostin AG1024; tyrphostin AG99, U0126 or ERK antisense (w/o IGF-I) treated data to their respective control value w/o IGF-I.
Influence of IGF-I on apoptosis and proliferation of HSC and rMF B Saile et al indeed initiates progression of cell cycle (BrdU-ELISA as well as elevated S-phase portion) but instead of cell division apoptosis occurs. Furthermore, DNA synthesis seems to continue to occur even after the apoptosis process has been started. Cell counting in fact demonstrated a decrease of cell number most probably due to increased apoptosis. As the greatest part of the HSC cultures after IGF-I administration was found to be in the G 2 -phase of cell cycle, a G 2 -arrest may be postulated. In rMF also an increment of the S-phase cells after IGF-I administration could be observed, which is comparable to that in activated HSC but no G 2 -arrest occurred and cell number consecutively increased. These data indicate that although IGF-I initiates progression of cell cycle in results. An antiapoptotic effect of IGF-I was postulated in vivo and in vitro by Issa et al. 42 However, as SMA was taken as a marker for identification and characterization of their cells, by which it is not Influence of IGF-I on apoptosis and proliferation of HSC and rMF B Saile et al possible to differ activated HSC from rMF, 17, 19, 24 there are concerns about the origin of these cells. Another study, however, demonstrated an antifibrotic effect of low doses of IGF-I in the model of CCl 4 -induced liver fibrosis. 43 In our hands, IGF-I dose dependently induces apoptosis in quiescent as well as in culture-activated HSC. The effect, however, is more evident in quiescent HSC, which might be due to the decrease of the IGF-I receptor after activation. 38, 44 rMF (primary culture as well as passage 2) show only low amounts of spontaneous apoptosis in culture. However, IGF-I treatment exerted an antiapoptotic effect, especially after induction of apoptosis by TNF-a.
The CD95/CD95L system is the major pathway for spontaneous apoptosis in activated HSC 45, 46 and the lack of CD95L in rMF may be the main reason why this cell population does not undergo apoptosis in culture. 19 To investigate the proapoptotic effect of IGF-I on HSC and its antiapoptotic effect on rMF in more detail, we examined its influence on the CD95/ CD95L-system, the p53/p21 WAF1 -system, the NFkBsystem as well as the bcl-system shown to be of importance for the regulation of apoptosis in HSC. 30 No effect of IGF-I on CD95, CD95L, p53 and p21 WAF1 expression could be observed either in HSC or in rMF. Whereas active NFkB was downregulated by IGF-I in HSC, most likely due to upregulation of its inhibitor IkB, no significant effect on the transcription factor could be demonstrated in rMF. In HSC, the antiapoptotic members of the bcl-family bcl-2 and bcl-x L were downregulated by IGF-I, whereas gene expression of the major proapoptotic member of the bcl-family, bax, was upregulated. This regulation is clearly different from the effect on rMF in which the antiapoptotic factors bcl-2 and bcl-x L were upregulated and the expression of bax was left unchanged. These data suggest that the bclsystem has to be considered to act proapoptotic in HSC and antiapoptotic in rMF. However, these hypotheses needed more support.
IGF-I receptor signaling involves the RAS/RAF/ mitogen-activated protein (MAP)-kinase pathway and the PI 3 0 -kinase pathway. 47 The signaling pathway, however, by which IGF-I stimulates specific cellular responses varies among the different cell types. 48 We therefore used tyrphostin AG1024, which has a high specifity to block tyrosine kinase activity of the IGF-I receptor 31, 49 to evaluate whether the IGF-I effect is mediated by the IGF-I receptor. However, an action of IGF-I by the insulin receptor cannot be fully excluded. On the other hand, the effects of IGF-I on cell cycle as well as on apoptosis in HSC and rMF were nearly fully abolished by tyrphostin AG1024. In the next step, we used tyrphostin AG99, U0126 and ERK1/2 antisense to block the signal transduction pathway of IGF-I downstream in the MAP-kinase pathway. ERK1/2 antisense and U0126 was additionally used because tyrphostin AG99 not only blocks ERK1/ERK2 tyrosine kinase activity but also acts upstream in the epidermal growth factor (EGF) signaling pathway. 32 In fact, the apoptosis-inducing effect of IGF-I was significantly reduced by ERK1/2-antisense and even more by tyrphostin AG99. However, data showed that the proapoptotic effect of IGF-I on HSC could not be completely abolished by these means that already could be suspected from the reduced but not leveled caspase-3 activity. On the other hand, ERK1/ 2 antisense as well as tyrphostin AG99 had no effect on the antiapoptotic effect of IGF-I in rMF. Whereas in activated HSC and rMF ERK1/2 antisense and tyrphostin AG99 cancelled the effect of IGF-I on cell cycle, in quiescent HSC the S-phase portion was reduced to control levels but G 2 -phase portion remained higher than in the controls.
Studies on dependency of the NFkB system on ERK1/2 have given contrasting results in different cell systems. All three possibilities, no regulation, upregulation and downregulation, could be found. [50] [51] [52] [53] In HSC, ERK1/2 antisense did not affect downregulation of NFkB nor upregulation of IkB by IGF-I, suggesting that both are regulated upstream in the IGF-I pathway. On the other hand, NFkB and IkB are not regulated at all in rMF by IGF-1, suggesting that this system does not influence the apoptosis and proliferation modulation of this cytokine.
The bcl-2 family proteins are critical regulators of apoptosis regulating mitochondria-mediated apoptosis. 54 Also, the TNF family receptors cause apoptosis among direct activation of the caspase cascade, by affecting members of the bcl-2 family, which also might be suspected from the increased caspase-9 activity in rMF after TNF-a treatment. 55, 56 An antiapoptotic effect of IGF-I by modulating the bcl-system has often been described; however, in many cases the literature lacks a description of a possible basis in the signaling pathway. [57] [58] [59] [60] [61] Taking a closer look at the bcl-system, ERK1/2 antisense cancelled the effect of IGF-I on bax and bcl-2. The bcl-x L expression, however, was not affected. As we could show recently that bcl-x L is regulated by NFkB in HSC, 30 but downregulation of the NFkB system is not dependent on ERK1/2 activity, this may be the reason why ERK1/2 antisense was not able to suppress IGF-I-mediated increase of caspase-9 and caspase-3 activity and apoptosis induction to control levels. In rMF ERK1/2, did not affect levels of bcl-2, bax and bcl-x L indicating an upstream regulation. Whether these bcl proteins in rMF are under the control of PI 3-K, as shown in other cell systems [62] [63] [64] has to be elucidated in further studies. As the IGF-I-mediated upregulation of apoptosis in quiescent and 'activated' HSC is mainly regulated downstream of ERK1/2, the question arises as to whether induction of cell cycle progression itself is the critical point for undergoing apoptosis. As bcl-2-family proteins regulate cell death signaling at the mitochondrial level, 65 we used a mitochondrial membrane sensor kit to detect apoptosis. In both quiescent and activated HSC, upregulation of apoptosis occurred 4 h before the effect of IGF-I on cell cycle could be observed as measured by increment of S-phase cells and BrdU uptake. Furthermore apoptosis detection by TUNEL, revealing effects on the cell nucleus occurred 2 h after detection of apoptosis-specific changes in the mitochondria, giving even more support that apoptosis induction in HSC due to IGF-I administration starts at the level of the mitochondria. On the other hand, effects of IGF-I on cell cycle as demonstrated by BrdU uptake begins later (8 h after administration in HSC day 2 and 12 h after administration in HSC day 7 and rMF). Although it can not fully be excluded that in some TUNEL-and BrdU-positive cells BrdU positivity is due to DNA repair mechanisms, this possibility is rather unlikely since even after induction of the apoptotic effect cells with nuclear divisions are observable, 98% of which are apoptotic. However, in this context, it has also to be considered that nuclear division in HSC does not lead to mitosis (cell division) but to polyploidy. 66 This in vitro study underlines that rat liver HSC and rat liver myofibroblasts show many similarities but behave differently. As IGF-I is of great importance during liver fibrogenesis and has opposite effects on HSC and rMF concerning apoptosis, and as HSC and rMF have a similar productive potency with respect to extracellular matrix proteins different roles in liver fibrogenesis might be suggested. As a direct interference in fibrogenesis at the level of IGF-IR could lead to a selection of either rMF or HSC, the blockage or usage of the IGF-I pathway might be a useful tool to study the importance of HSC and rMF in liver fibrogenesis in vivo.
